A 12 pct Cr martensitic/ferritic steel was designed and produced to study Laves and Z-phase as precipitation hardening particles under creep conditions (650°C). According to thermodynamic calculations, W and Cu additions were selected to ensure the precipitation of Laves after tempering. It is known that Z-phase formation does not follow the classical nucleation theory. Indeed, MX particles are transformed into Z-phase by Cr diffusion from the matrix to the precipitate. Therefore, to promote fast Z-phase formation, Ta, Co, and N additions were used to produce Ta-MX, which will be transformed into Z-phase. The main result achieved was the precipitation of Laves after tempering, with a particle size of 196 nm. As regards to Z-phase, the transformation of Ta-MX into Z-phase after tempering was confirmed by the formation of hybrid nanoparticles of 30 nm. Although W and Ta have a low diffusion in the martensitic/ferritic matrix, characterization of the precipitates after isothermal aging revealed that Laves and Z-phase have fast growth kinetics, reaching 400 and 143 nm, respectively, at 8760 hours. Consequently, creep test at 650°C showed premature failures after few thousand hours. Therefore, it is expected that future research in the field of martensitic/ferritic steels will focus on the growth and coarsening behavior of Laves and Z-phase.
I. INTRODUCTION
MARTENSITIC/FERRITIC creep-resistant steels are widely used in new supercritical power plants (600°C/30 MPa) for key components such as steam pipes, turbines, and boilers. [1, 2] They combine high creep strength, oxidation resistance, good weldability, thermal fatigue resistance, and competitive production costs. [3, 4] Nowadays, T/P91 and T/P92 grades are the most common martensitic/ferritic steels used in fossil fuel power plants due to their high microstructural stability. [5, 6] In general, precipitation hardening involving M 23 C 6 carbides and MX particles is the main creep strengthening mechanism in 9 to 12 pct Cr heat-resistant steel. [7, 8] A high volume fraction of M 23 C 6 carbides heterogeneously nucleate on sub-boundaries and grain boundaries avoiding the recovery of the martensitic/ferritic matrix during long-term creep. [9] Furthermore, additional creep strength is obtained by the precipitation of MX carbonitrides along sub-grain boundaries as exhibited in T/P91 steels, which have a creep rupture strength of 94 MPa at 600°C/10 5 hours. [10, 11] As well, as shown in T/P92 steels, rupture strength can be increased by 20 pct with the addition of W and B. [9, 12] In turn, W and B increase creep strength by solid solution hardening and reduce the coarsening rate of M 23 C 6 carbides, avoiding the recovery of the martensitic/ferritic matrix. [13, 14] Nowadays, new environmental regulations for CO 2 emissions have motivated many researching groups to focus on the development of new 9 to 12 pct Cr creep-resistant steels under operating condition of 650°C/30 MPa, which would result in fossil fuel power plants with more efficient steam cycles and lower CO 2 emissions. [15, 16] Several studies of conventional 9 pct Cr steels (T/P91 and T/P92) showed that their oxidation resistance was not enough to operate at 650°C. [3, 17] The first attempt to overcome this barrier was to increase the Cr content to 12 pct, but no good results were obtained. Although a superior oxidation resistance was achieved, long-term creep resistance drastically declined due to the transformation of MX particles into detrimental coarse Z-phase. [18] MX particles are carbides, nitrides and/or carbonitrides depending on the chemical composition of the alloy, where M denotes a metallic element such as V, Nb and/or Ta and, X denotes C and/or N. [12, 19] However, MX precipitates are a metastable phase in martensitic/ferritic steels and during service, under certain temperature and time, they will be transformed into Z-phase, which is a thermodynamically stable nitride. [20, 21] The full transformation of MX carbonitrides into Z-phase can take months, years or decades, depending on the chemical composition of the alloy. [22, 23] Also, due to the beneficial effect of W in solid solution on the ferritic crystal lattice of T/P92 steels, an investigation into its effect at higher concentration for long-term creep was carried out. Researchers found that although W is beneficial for short-term creep, under long-term creep, Laves phase (Fe 2 W) heterogeneously precipitates at both grain and lath boundaries, resulting in the loss of solid solution strengthening. [24, 25] Currently, the precipitation kinetics of Z-and Laves phase has become a very important research field in 9 to 12 pct Cr steels. [22] As design concept, Z-and Laves phase could be used as reinforcement particles to promote precipitation hardening, with small particle size and uniform distribution throughout the matrix to enhance creep resistance. [26, 27] The main objective of this paper was to investigate a 12 pct Cr steel designed to have a high driving force and precipitation rate for the formation of Z-and Laves phase. [28, 29] To achieve this goal, Thermo-Calc calculations were performed to obtain Z-phase and Laves phase after tempering treatment. In addition, creep test and isothermal aging at 650°C were carried out to study the obtained precipitates and correlate them with the calculations.
II. EXPERIMENTAL PROCEDURE

A. Thermodynamic Modeling
Thermo-Calc software package based on the CAL-PHAD method has been successfully used for the design of alloys, considering multicomponent and multiphase systems. [22, 29] The core of this method is the calculation of the Gibbs energy of a phase as a function of its composition and temperature. Within this approach, the problem of predicting equilibrium and evaluating phase stability is essentially mathematical, although far from simple due to the number of variables involved in the minimization process. [20] The software is linked to various databases and interfaces, where all thermodynamic information is stored as Gibbs energy. By this modeling, time and costs of trial-and-error for conventional alloy development can be reduced. All calculations were carried out using the Thermo-Calc software TCFE8 database. [14, 30] B. Alloy Production
The alloy studied was produced by vacuum induction melting. Its chemical composition is shown in Table I .
The sample was hot-forged at 1150°C, with an area reduction of 70 pct, and then air-cooled. Heat treatment included austenization at 1070°C for 0.5 hours and air-cooling, followed by 780°C/2 hours tempering.
C. Creep Tests and Isothermal Aging
In order to determine creep rupture times, several tensile creep tests were performed in air at 650°C (± 5 K) with constant load between 1005 and 3140 N. Standard cylindrical samples were used, according to DIN50125 B 4920. Additionally, samples of 1 9 1 9 1 cm were isothermally aged at 650°C for 1440 and 8760 hours to investigate the evolution of precipitates.
D. Characterization
Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) were used in order to characterize the microstructure of the alloy. Jeol JEM-2010F (TEM) and JEM-2100 (HRTEM) microscopes equipped with energy dispersive spectroscopy (EDS) analyzers were used. In order to avoid the effect of the martensitic/ferritic matrix during the characterization, conventional bulk carbon replication was used. [10, 31] The main purpose of carbon replica is to remove the magnetic effect of the matrix and prevent overlaps of EDS and diffraction pattern between precipitates and the matrix. [26, 32] Chemical composition, crystalline structure, and particle size of precipitates were studied by TEM-EDS analysis. Diffraction pattern and Feret's diameter were indexed using an image software editor. Furthermore, and in order to ensure highly reliable measurements, more than 100 particles per precipitate were subjected to average chemical composition and particle size analyses. [3] The d-spacing obtained from the diffraction pattern was compared to the values found in the literature. Three types of crystalline structures were studied: face-centered cubic, hexagonal closed-packing, and tetragonal structure. For further information on the relation between d-spacing of each crystalline structure and their lattice parameters, please refer to references. [33, 34] Table II shows the lattice parameters considered for TaC carbide, Ta(C, N) carbonitride, TaN nitride, Z-phase and Laves. [27, 35] With regard to Z-phase, lattice parameters ''a'' and ''c,'' calculated by Danielsen-Hald and Ettmayer, were considered. [35, 36] In some cases, particles with the chemical composition of Z-phase can be indexed as tetragonal with lattice parameters of a = 0.296 nm and c = 0.739 nm (Danielsen and Hald) and in other cases particles can be indexed considering the lattice parameters a = 0.425 nm and c = 0.733 nm (Ettmayer) . [26, 35] In order to index a single crystal diffraction pattern, the angle h between two planes (h 1 k 1 l 1 ) and (h 2 k 2 l 2 ) in a crystal system must be calculated. As an example for a tetragonal system, the following equation can be used [33] :
Depending on the crystalline structure and after identifying the most probable diffracted planes, it is necessary to calculate the angles between them and compare the results using formula [1] . The difference between the experimental measurements of the angle formed by two planes in the diffraction pattern and angle h (theoretical) cannot exceed 1 deg.
III. RESULTS AND DISCUSSION
A. Alloy Design
In order to obtain Laves and Z-phase as stable precipitates at 650°C, a 12 pct Cr heat-resistant steel with tailor-made microstructure was designed and produced. To achieve this, elements that increase the stability and driving force for the formation of Laves and Z-phase were added. [28, 29] It is widely known that in 9 to 12 pct Cr heat-resistant steel, precipitation of Laves phase occurs during service with a low nucleation rate and a higher mobility of the particle/matrix interface. Usually, the precipitation process starts after hundred or thousand hours under service conditions and depends on both the chemical composition and the temperature. As an example, in T/P91 steel, precipitation of Fe 2 MoLaves phase was observed around 10,000 hours at 550°C while in T/P92 steel, Fe 2 (W, Mo) particles were found after 2000 hours at 650°C. [7, 24] In general, there are disagreements on the effect of Mo and W in creep strength of 9 to 12 pct Cr steels. [29, 37] On one hand, researchers found that although W and Mo are beneficial to short-term creep, under long-term creep these elements segregate to micro-grain boundaries and promote the heterogeneous precipitation of Laves phase, thus losing the solid solution strengthening. [5, 38] On the other hand, the excellent long-term stability of the W-alloyed 9Cr steel (T/P92) seems to contradict this finding. In the design of creep-resistant materials, size, dispersion, thermodynamic stability, growth rate, and coarsening rate of phases determine their contribution to creep resistance. [12, 14] Size and dispersion of phases can be controlled by nucleation rate and, if a small particle size distribution is obtained together with a low inter-particle distance, an increase in the Orowan stress can be achieved. [11, 39] Equation [2] describes the steady-state nucleation rate (J s ), where Z is the Zeldovich factor; b* is the rate at which atoms are attached to the critical nucleus; N 0 is the number of available nucleation sites per unit volume; DG a!b m refers to the maximum driving force for the a fi b phase transformation; r is the interfacial energy of the b precipitates; V b m is the molar volume of the b phase; k is the Boltzmann's constant, and T is the absolute temperature [6, 22] :
In order to increase the nucleation rate of Laves phase, the focus was to increase the driving force (DG a!Laves m ) and the number of available nucleation sites per unit volume (N 0 ) by the addition of W and Cu, respectively. The addition of W increases the stability of Laves phase at high temperature and Cu promotes the precipitation of Cu-rich particles, which act as nucleation sites for Laves phase. [29, 40] Thermodynamic data for Laves phase nucleation, such as driving force and precipitation temperature, were obtained using the Thermo-Calc software. The maximum driving force can be obtained by finding the parallel tangent lines or surfaces passing through the alloy composition of the matrix. This is a routine calculation in the Thermo-Calc software. [3, 39] Figure 1(a) shows the driving force for Laves phase formation obtained by Thermo-Calc as a function of the temperature for three types of steels: 12CrWTaCo, T/P91, and T/P92. Furthermore, similar calculations were carried out for the alloy 12CrWTaCo in order to compare the effect of W and Mo [see . Thermodynamic modeling predicts that Laves phase stability can be increased up to temperatures around 1000°C by adding 3.8 pct W and 1.0 pct Cu. The precipitation of Z-phase was not focused on increasing the nucleation rate, since its formation does not follow the classical nucleation theory. Indeed, the formation of Z-phase is a diffusion-controlled transformation, which follows the sequence below: (i) movement of Cr atoms from the matrix to the a-ferrite/MX interface, (ii) flux of Cr atoms across the interface, and (iii) formation of an alternating structure of Cr-rich and Ta-rich layers inside the MX particle by the diffusion of Cr atoms. [27, 28] This process changes the FCC crystalline structure (NaCl-type) of MX precipitates into a tetragonal Z-phase structure. [26] In general, there are three types of Z-phase precipitates in 9 to 12 pct Cr steels: CrVN, CrNbN, and CrTaN, each one with a different precipitation rate. The CrTaN nitride has the fastest kinetics of precipitation and CrVN the slowest one. [36] Hence, 0.8 pct Ta was added in order to obtain faster precipitation kinetics of the CrTaN-Z-phase in the designed alloy. Furthermore, the addition of 4.2 pct Co was considered in order to stabilize the austenitic phase field at high temperature, and thus the martensitic transformation may take place avoiding the formation of d ferrite during solidification. [3, 14] Moreover, it has been reported that Co addition accelerates the transformation of MX particles into Z-phase. [41, 42] It has been suggested that Co raises the Cr activity in the matrix, promoting the Z-phase formation. [42, 43] Figure 2 shows the phase diagram obtained by Thermo-Calc software for the 12CrWTaCo alloy. It can be seen that Ferrite, Laves phase, Ta-MX, M 23 C 6 , and Cu-rich particles are the main stable phases at tempering (780°C) and service (650°C) temperature. [19, 27] However, this should not be understood as the Z-phase not being thermodynamically stable for the alloy; in TCFE8 database, CrTaN-Zphase is not yet defined. [30] Additionally, thermodynamic calculations were carried out in order to obtain the equilibrium composition of phases at both heat treatment and creep test temperatures. The chemical composition of phases at the austenization temperature (1070°C) is shown in Table III . It is clear that equilibrium phases at this temperature are austenite and Ta-MX particles. The chemical composition of equilibrium phases at tempering temperature (780°C) is shown in Table IV . Similar results are shown in Table V ; however, thermodynamic calculations were carried out at the creep test temperature (650°C).
B. Characterization of Precipitates After Heat Treatment (780°C/2 Hours)
In order to correlate the phases calculated by the Thermo-Calc software with the initial microstructure (after tempering at 780°C/2 hours), TEM experimental microstructure characterization was carried out. The analysis on extraction replica shows that only Laves phase and Ta-MX are present after tempering. Both phases were identified by EDS and diffraction pattern. It is expected that Cu-rich particles are nucleation sites for Laves phase particles; as a result an extra Cu peak should appear in the EDS pattern of the Laves phase. However, the identification was not possible due to the energies associated to the electronic transitions of Cu atoms in the particle that overlap with those of the copper grid. On the other hand, M 23 C 6 carbides were not found in the microstructure, suggesting that this phase is not thermodynamically stable. In fact, metallic atom composition of M 23 C 6 carbides (79Cr-14Fe-5W-2Mn-0.02Co) calculated from Table V does not match with any of the analyzed particles in Table VI . This can be explained by the higher affinity of C for Ta compared to Cr and the high content of Ta in the alloy. Consequently, Ta-MX particles consume all the available carbon during their precipitation processes. [44] It is likely that for higher carbon content, M 23 C 6 carbides can be thermodynamically stable in the alloy. Furthermore, in case there is no formation of M 23 C 6 carbides, [14] an increase in the available nucleation sites of Laves phase can be expected. Figure 3 shows an image taken from an extracted replica sample of the 12CrWTaCo alloy, which still keeps the distribution of precipitates along the prior austenite grain boundary, lath boundary and inside the grain. In this image, different nucleation sites of particles are seen, depending on their precipitation kinetics.
The characterization of Laves phase is shown in Figure 4 . EDS analysis identified that forming elements are Fe, Cr, and W. As well, the atomic composition of Laves phase was measured and summarized in Table VII , where it can be seen that results are consistent with the composition predicted by Thermo-Calc software. Moreover, indexation of diffraction pattern [ Figure 4(b) ] confirms the typical hexagonal crystal structure of this phase. The presence of stacking faults can also be observed. [36] As shown in Table VII, a relatively small particle size of Laves phase was reached after tempering (196 nm). This combined with a high volume fraction of the Laves phase is suitable to generate a pinning force for dislocation glide and interface migration.
Depending on nucleation sites and average size, two types of Ta-MX particles were identified (see Figure 3) . [14] First, TaC carbides were found along prior austenite grain boundaries and block boundaries with a mean particle size of 196 nm. These particles that were formed during solidification did not dissolve during the austenization heat treatment. [45, 46] On the other hand, Ta(C, N) carbonitrides (30 nm) were observed along sub-grain and lath boundaries. These precipitates were formed during tempering. [14] Also, the average chemical composition of metallic atoms of Ta-MX particles was measured by EDS analysis (about 100 particles were analyzed, see Table VI ), finding that Cr and Fe atoms are dissolved in Ta-MX particles. In addition, many hybrid MX/Z particles (see Table VI ) were identified by EDS analysis with the relation 30 £ [Fe] + [Cr] £ 40 at. pct. [10] The high frequency of these hybrid particles after tempering suggests that the transformation of MX into Z-phase has already started. [10, 28] Figure 5 shows a Ta-MX particle with its EDS analysis and diffraction pattern. The indexation of diffraction pattern with a ½ 112 zone axis [ Figure 5 (b)] gives a face-centered cubic crystal structure consistent with the NaCl-type structure of the MX particles. [10, 11] However, some satellite spots accompanying the principal reflections are also observed in the diffraction pattern [ Figure 5(b) ], suggesting the existence of compositional modulation associated to the formation of alternating Cr-rich and Ta-rich layers due to the beginning of the transformation into Z-phase. [25, 47] The chemical composition was measured by EDS analysis and only metal atoms were considered. 
C. Characterization of Precipitates After Isothermal Aging at 650°C for 1440 and 8760 Hours
The evolution of the mean size of Laves particles and the phase transformation of Ta-MX into Z at 650°C was monitored in samples isothermally aged for 1440 and 8760 hours. As well, the evolution of the chemical composition of Laves phase during annealing was followed. The measurements of its atomic composition suggest that all Laves phase particles are of the same nature and their evolution is not accompanied by any changes in the chemical composition. [7] On the other hand, as listed in Table VII, the initial particle size of the Laves phase obtained after tempering (780°C/2 hours) rapidly increased from 196 to 300 nm at 1440 hours of exposure at 650°C, suggesting a high growth rate for the particle. Moreover, the growth of the Laves phase did not stop and reached 400 nm at 8760 hours. This behavior can be explained by the nucleation process of the Laves phase. In order to minimize the activation energy barrier for the nucleation, the Laves phase is formed with an orientation relationship to one of the martensitic/ferritic grains. Therefore, the nucleus will have a semi-coherent low mobility interface with one adjacent grain and an incoherent mobile interface with another. [14, 38] Then, the stable nuclei grow toward the grain with an incoherent interface until reaching their volume fraction and chemical composition of equilibrium. [39] Once the equilibrium is reached, reduction of the interfacial energy of the system starts by the dissolution of small particles and the reprecipitation of the dissolved species on the surfaces of larger particles (Ostwald ripening). [6] Theoretically, W has a low diffusion coefficient in the martensitic/ferritic matrix promoting a low coarsening rate. This suggests that the rapid increase in the mean particle size of Laves phase is based on the growth stage. Probably, the high W content (3.8 pct wt) excessively increased the matrix supersaturation, promoting a high growth rate. [14, 29] Table VIII shows the calculations of the interface velocity between Laves and a-ferrite (v Laves=a ) for the evolution of the mean particle size, according to the values registered in Table VII . The interface velocity describes how fast the interface moves during the entire precipitation process. As well, it is an indirect measurement of the growth and coarsening rate. [14, 22] In initial conditions (T = 650°C, t = 0), the interface Laves/a moves into martensitic/ferritic grains with a high rate of 6.8 9 10 À3 nm/s. After 1440 hours of isothermal aging (650°C), the interface velocity decays two orders of magnitude (1.4 9 10 À5 nm/s) probably due to a reduction of the growth driving force. Afterward, several thousand hours later (8760 hours), the interface velocity decreases to 3.2 9 10 À6 nm/s. As the Laves/a interface moves toward the martensitic/ferric grain, it consumes W in solid solution since the composition of the matrix reaches the equilibrium value. [3, 5] This process reduces the supersaturation of the matrix and as a consequence, the interface velocity of Laves phase particles decreases. [14, 48] Finally, when all the available tungsten is consumed from the matrix during the growth of Laves phase and thus the matrix concentration reaches its equilibrium value, the coarsening stage starts. Presumably, the interface velocity at the coarsening stage should be even slower; therefore, a slow coarsening rate for Laves phase is expected. [48] 
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The calculi were carried out using the formula (
À Á where ''x'' is the mean radius of the particle at the time ''t.'' The interface velocity at t = 0 was calculated with the conditions set during tempering (780°C/2 h), i.e., a mean radius of 98 nm and a time of 2 h.
The transformation of Ta-MX into Z-phase was investigated by subjecting the chemical composition of particles in extracted replica on the aged samples to EDS-TEM analyses. It was found that Ta-MX, hybrid MX/Z and Z-phase are present in the 1440 hours sample with a predominance of Z-phase (see Table VI ). In contrast, in the sample aged for 8760 hours, no Ta-MX particles were found and the transformation into Z-phase was almost completed; some hybrid particles were observed. For the identification of Z-phase by EDS analysis, the relation [Cr] + [Fe] % 1.3[Ta] was considered. In addition to this, indexation of diffraction pattern of some particles has been made. [26, 27] Figure 6(a) shows a zone of the extracted replica of the sample aged for 8760 hours used for the identification of Z and Laves phase. In general, most of the Ta-MX reaches the chemical composition and tetragonal crystal structure of Z-phase. Analysis of diffraction pattern in Figure 6 (b) confirms a pure tetragonal Z-phase crystal structure with a lattice parameter a = 0.296 nm and c = 0.739 nm, taken from a small Z-phase particle likely formed from a previous Ta(C, N) carbonitride. [27, 28] On the other hand, in Figure 7 (b) the diffraction pattern, taken from the encircled particle in Figure 7(a) , shows a tetragonal Z-phase crystal structure. The indexation was carried out considering the lattice parameter found by P. Ettmayer, a = 0.425 nm and c = 0.733 nm. Furthermore, a strong spot (overlapping) of the plane ð 1 1 1Þ can be observed. [26] [27] [28] This may be related to a residual trace of the MX cubic structure since some region in the particle is not transformed. In fact, family planes {111} of TaC/FCC crystal structure have a similar d-spacing compared to family planes {111} of tetragonal structure reported by P. Ettmayer, [35] 0.263 and 0.278 nm, respectively. This suggests that (i) the particle size of Ta-MX can affect Z-phase transformation [26] and (ii) TaC carbides have a kinetics of transformation different than Ta(C, N) carbonitrides.
As mentioned above, it is possible that TaC carbides would transform into Z-phase, although their kinetics quite differ from the kinetics of Ta(C, N) and TaN particles. It is likely that out-diffusion of C controls the transformation rate of TaC into Z-phase. [49, 50] This scenario, suggested in Figure 8 , shows that a coarse particle was chemically identified as Z-phase. [26, 27] However, the diffraction pattern of the encircled particle in Figure 8 (a) may not be indexed as tetragonal (see Figure 8 (b)). [26] Indeed, the particle showed an FCC-like diffraction pattern with a lattice parameter of about 0.45 nm, corresponding to a TaC carbide. Although Cr diffuses into TaC particles, it is likely that the C remaining in interstitial sites delays the transition from the NaCl-type crystalline structure (FCC) to a tetragonal system. [10, 26] It is expected that this behavior is maximized in the center of the particle and then, continuously decreases as it moves towards the particle/matrix interface. If we consider that, the out-diffusion of C atoms is enhanced near the surface of the particle N atoms can diffuse into the particle and occupy interstitial sites. [20, 28] Consequently, Cr, C, and N gradients inside the particle may create the required condition to generate a coreshell structure between TaC/Z-phase particles. [10, 50] Furthermore, hybrid particles found at 8760 hours suggest that several TaC carbides did not complete the transformation into Z-phase but a Cr enrichment occurred. Also, it is expected that hybrid particles show a smooth transition from Cr-rich regions, with chemical composition close to Z-phase, towards Cr-poor regions, with compositions close to Ta-rich MX. [10, 50] Finally, analyzed particles with a chemical composition similar to that described for CrTaN-Z-phase have two types of crystalline structure, depending on their size and the composition of preexisting Ta-MX: (i) tetragonal and (ii) NaCl-type crystalline structures. The indexation of diffraction pattern taken from several Z-phase particles as tetragonal confirms the fully transformation of Ta-MX into tetragonal Z-phase, which is similar to the CrNbN-Z-phase of austenitic stainless steels. [26, 42] 
D. Creep Test
The results of the creep tests for the designed alloy (12CrWTaCo) are shown in Figure 9 . Creep data on P91 and P92 steels under similar conditions are used for comparison purposes. [14] Creep tests at 650°C show higher creep strength for 12CrWTaCo alloy compared to the P91 to P92 steel alloy in the initial stage. However, around 3650 hours under creep exposure, the rupture occurs with lower creep strength than that in P91 and P92 steels. Although, a good dispersion of Ta-MX after tempering and high precipitation kinetics of Z-phase at 650°C were achieved, a high growth rate of Z-phase was observed at 650°C (see Table VII ). Danielsen et al. [51] investigated the interface between the ferrous matrix and nitride precipitates in 12 pct Cr steels by HRTEM finding that TaN and CrTaN are enveloped in an amorphous few nm thick shell. This amorphous shell is considered to have a high interfacial energy and it probably promotes a fast precipitation rate as well as a high growth rate of the Z-phase in the designed alloy. On the other hand, the presence of large particles can accelerate the Ostwald ripening mechanism during the coarsening stage, when the volume fraction of Z-phase reaches the equilibrium value. [22, 45] Figures 10(a) and (b) show the growth of Z-phase in the samples aged for 8760 hours at 650°C. It has been reported that this type of growth is related to the presence of Cr 2 N particles. [52] In regard to the Laves phase, a similar behavior was observed; although it precipitates with relatively small particle size after tempering (192 nm) at 650°C/8760 hours, it reaches a mean radius of 401 nm. The investigation on the growth kinetics of Laves phase in 12 pct Cr creep-resistant steels carried out by Prat et al. [29] suggested that Laves phase has an interfacial energy of 0.6 J/m 2 due to its incoherent interface with the matrix. Furthermore, 3.8 pct W can also affect the growth driving force and a higher growth rate is expected for Laves phase. Also, during TEM analysis, agglomerations of Laves phase in grain and lath boundaries were observed.
In conclusion, the precipitation of Laves phase after tempering can be reached by the addition of W and Cu while a high kinetics of precipitation of Z-phase at 650°C can be achieved by the addition of Ta and avoiding the formation of M 23 C 6 carbides. [14, 27] However, it was not possible to achieve the same behavior for P91 and P92 steels since Laves and Z-phase showed high growth rates. Thus, the degradation of the microstructure during creep exposure at 650°C cannot be avoided due to the loss of the precipitation strengthening caused by the rapid increase of the particle size. In P92 steel, the stabilized M 23 (C, B) 6 carbides and V-MX particles avoid the recovery of sub-grain, lath and block structure in the long-term creep due to the slow coarsening rate of these particles associated to lower interface energies. [28, 45] From the authors' point of view, the M 23 (C, B) 6 carbides assure the primary creep strength of heat-resistant steels. Consequently, M 23 (C, B) 6 carbides should be included as precipitation hardening particles to ensure long-term creep strength. Finally, it is necessary to conduct further investigations into the growth and coarsening stage of Laves and Z-phase, to ensure precipitation hardening by these particles.
IV. CONCLUSIONS
A 12 pct Cr heat-resistant steel was designed and produced to contain Laves phase and Ta-MX as stable phases. Thermodynamic modeling and a microstructural study by TEM were carried out in order to investigate the precipitation of Laves phase. Also, the transformation of Ta-MX into Z-phase at 650°C was investigated. The conclusions of this study are the following:
The precipitation of Laves phase can be treated as a nucleation process, whereby increasing the driving force and the number of available nucleation sites per unit volume, the formation of Laves phase at high temperatures can be achieved. Indeed, by adding 3.8 pct W, the stability of Laves phase increases up to temperatures around 1000°C and 1 pct Cu increases the available nucleation sites. The precipitation of Laves phase after tempering (780°C/2 hours) was achieved with a mean particle size of 196 nm.
Laves phase was identified by TEM diffraction pattern and EDS analysis. Diffraction pattern shows a hexagonal close-packed crystal structure and the EDS identified the main elements of Laves phase as Fe, Cr, and W.
The experimental observation of Laves phase particle size showed a rapid increment from 196 nm (after tempering at 780°C/2 hours) to 401 nm (isothermal aging at 650°C/8740 hours). This suggests a fast growth rate for Laves phase due to a high supersaturation and the formation of an incoherent interface with the matrix (highly mobile interface). The phase transformation of Ta-MX into Z-phase was studied by analyzing the chemical composition of MX particles (only metal atoms were considered) in the alloy after tempering (780°C/2 hours) and isothermal aging (1440 and 8760 hours). Ta-MX and hybrid Ta-MX/Z-phase particles were identified confirming that precipitation of Z-phase starts during tempering at 780°C/2 hours. No Z-phase was found after tempering. At 8760 hours of isothermal aging at 650°C, Ta-MX particles are fully transformed into Z-phase and no Ta-MX particles were found. Analysis of TEM diffraction pattern of particles confirms a tetragonal crystal structure similar to the CrNbN-Z-phase in austenitic steels. However, some diffraction pattern taken from coarse Z-phase can be indexed as NaCl-type crystalline structure suggesting that TaC carbides have a different kinetics of transformation. The mean particle size at this stage of Z and Laves phase is 143 and 401 nm, respectively.
A high growth rate is observed for Z-phase suggesting that the effect of an amorphous interface is similar to an incoherent interface with the matrix. Also, the presence of large Z-phase particles and Cr 2 N may accelerate the growth rate.
